The contribution of epistasis to 15 morphological traits differentiating two annual sunflowers ( Helianthus annuus and H. debilis ssp. cucumerifolius ) and to hybrid pollen sterility was estimated in a first generation backcross (BC 1 ) mapping population. Analysis of digenic interactions among quantitative trait loci (QTLs) with significant main effects revealed significant interaction effects for six of the 15 morphological traits and for pollen sterility. Likewise, a genome-wide scan of all possible two-locus combinations detected additional significant interactions for three of the traits with significant epistasis in the original analysis: stem pigmentation, phyllary pubescence, and pollen viability. However, these were the only traits of the 16 examined in which detected interactions explained more than 5% of phenotypic variance. The implications of these findings for adaptive evolution and for the introgression of advantageous morphological QTLs across a natural hybrid zone between these taxa are discussed.
Introduction
Interactions among genetic loci or epistasis may contribute to a variety of evolutionary phenomena, including adaptation, outbreeding depression, heterosis, the evolution of sex, reproductive isolation, founder effects, and hybrid zone dynamics (reviewed in Wolf et al . 2000) . There is general agreement that epistasis plays a significant role in the generation of hybrid incompatibilities in crosses between genetically divergent populations or species. However, the contribution of epistasis to evolutionary processes that operate primarily within populations (e.g. adaptive evolution) remains highly controversial (Coyne et al . 1997; Wade & Goodnight 1998; Templeton 2000; Wolf et al . 2000) .
One school of thought holds that most evolutionary change results from Darwinian mass selection (Fisher 1930) . In this 'Fisherian' model of adaptive evolution, selection is considered to act on the average additive effects of individual genes rather than on gene combinations. By contrast, the shifting balance model championed by Sewall Wright (Wright 1931 (Wright , 1932 posits that due to widespread epistasis, multiple fitness optima or 'adaptive peaks' exist within populations. Genetic drift provides a means for local populations to move across 'adaptive valleys' toward new adaptive peaks. Selection within demes enables the adaptive peaks to be climbed, whereas competition among peaks allows fitter peaks to spread.
Unfortunately, we do not yet know whether epistasis of the sort required for shifting balance is a frequent contributor to adaptation (Coyne & Orr 1998) . In particular, it is not clear whether interaction effects often exceed the additive or main effects of interacting quantitative trait loci (QTLs). Yet it is this relationship among effect magnitudes that is required for the maintenance of multiple fitness optima in a homogeneous environment.
Until recently, epistasis was primarily inferred from studies that partition phenotypic variance in populations of known pedigree. In these studies, the component of phenotypic variance not accounted for by additive, dominance, or environmental effects was assumed to be epistatic. However, recent advances in molecular techniques have made it possible to measure interactions among individual loci. One method tests for interactions among loci that are already known or suspected to contribute to a particular phenotype. This 'candidate locus' approach has several advantages (reviewed in Templeton 2000) , but its use is currently restricted to a handful of model systems for which numerous genes have been cloned and sequenced. An alternative method involves the use of mapped molecular markers as surrogates for linked QTLs. Interactions among marker regions are used to detect epistasis.
Although this 'linked marker' approach has been more widely applied to wild plants and animals than have candidate locus methods, searches for epistasis have been disappointing due to statistical difficulties (Tanksley 1993; Lynch & Walsh 1998) . In particular, the classic F 2 mapping design employed by most of these studies produces nine two-locus genotypes in which the rarest genotypes occur at an expected 1/16 frequency. As a result, very large mapping populations are required to obtain enough individuals of each genotypic class for statistical comparisons. A second problem is the numerous statistical tests required to detect multilocus interactions in a genome-wide scan. Multiple tests increase the likelihood of detecting spurious interactions and raise the threshold of significance reporting. To minimize this problem, most authors have restricted their analyses to previously identified QTLs. However, this approach is biased against finding QTLs with larger epistatic than main effects -exactly the kind of QTLs required for shifting balance. A third difficulty is recombination between the molecular markers used as surrogates for QTLs in statistical analyses and the QTLs themselves. The further the markers are from the QTL, the weaker the test.
In this paper, we use a linked marker approach to assess the contributions of epistasis to 15 morphological traits that distinguish two North American sunflowers ( Helianthus annuus and H. debilis ssp. cucumerifolius ) and to the sterility barrier that isolates them ( Kim & Rieseberg 1999) . To minimize problems typically associated with the linked marker approach (see above), we have made the following adjustments to our mapping and data analysis strategies. First, we have employed a first generation backcross (BC 1 ) population, in which there are four rather than nine two-locus genotypic classes, and the classes are equivalent in expected frequencies. Population size requirements are thereby reduced considerably. Second, we have analysed interactions among previously identified QTLs, and in a separate analysis, among markers across the entire genome. This latter analysis takes advantage of a new method developed by Cheverud (2000) to reduce the number of 'effective' independent tests (see methods). This approach reduces the multiple tests problem. Finally, we have used a map of fairly high density (Kim & Rieseberg 1999) (Heiser 1951 ). Biogeographic evidence suggests that H. annuus was recently introduced into Texas, and a mosaic hybrid zone has formed between the taxa where they co-occur in east Texas. Meiotic analyses of interspecific hybrids indicates that H. annuus is differentiated from H. debilis by at least one paracentric inversion and two or three reciprocal translocations. These chromosomal differences may at least partially explain the sterility of F 1 hybrids between the species, which average 6.7% pollen viability (Heiser 1951) .
The present paper expands on a QTL analysis of 226 BC 1 progeny from a cross between H. annuus and H. debilis (Kim & Rieseberg 1999 ) . The original study, which was conducted to assess the likelihood of adaptive trait introgression in nature, revealed 56 QTLs for 15 morphological traits that distinguish the two species and two QTLs for pollen sterility (Kim & Rieseberg 1999) . Given the simple architecture of sterility, Kim and Rieseberg concluded that the movement of advantageous morphological QTLs across the hybrid zone should not be significantly impeded unless they happen to be tightly linked to one of the sterility QTLs. However, this initial QTL analysis only detected that subset of loci with significant main or additive effects and no attempts were made to analyse gene interactions among detected QTLs. The movement of some chromosomal blocks may, however, be better explained by epistatic than main effects. Given these considerations, and the importance of epistasis to competing theories of adaptive evolution, we performed a genome-wide scan for significant epistatic interactions.
Materials and methods

Plant materials and QTL mapping
The crosses used to generate the mapping population, phenotypic trait measurements, molecular marker genotyping, and linkage and QTL mapping are described in detail by Kim & Rieseberg (1999) and summarized briefly below:
A BC 1 mapping population was generated using a wild individual of Helianthus debilis ssp. cucumerifolius as the pollen donor parent, and the cultivated form of H. annuus as the pollen recipient parent. Two hundred and twenty-six backcross progeny were assayed for 15 morphological traits that differentiate H. annuus from H. debilis ssp. cucumerifolius. These included stem pigmentation (speckled internodes), the degree of leaf serration (tooth height), the number of flowering heads (head no.), the number of ray flowers (ray flower no.), the morphology of the fused petal or ligule of ray flowers ( ligule length, width, and shape), the size of flowering heads (disk diameter), the morphology of bracts or phyllaries that surround each flowering head ( phyllary length, width, shape, and pubescence), and the morphology of the one-seeded fruits or achenes (achene length, width, and shape). In addition, the viability of 600 pollen grains per plant was assayed using an enzyme activity-based viability stain (Chandler et al. 1986 ).
Molecular marker mapping was carried out using amplified fragment length polymorphisms (AFLPs; Vos et al . 1995) . A total of 133 AFLPs markers was placed on the 15 linkage groups using mapmaker 3.0 (Lander et al . 1987 ) . Mapping of morphological and pollen viability QTLs was conducted using composite interval mapping as implemented by QTL Cartographer 1.13 (Basten et al . 1997 ). For each morphological trait, between two and six QTLs were found (56 in total) and individual QTLs explained 5.4-36.5% of the phenotypic variation. By contrast, the two pollen viability QTLs detected had large effects; greater than 38% of the variance in pollen viability was explained by each locus.
Detection of epistatic interactions
Interactions among previously identified QTLs. For each trait, all possible digenic interactions were evaluated among QTLs with significant main effects using analysis of variance ( anova : jmp 3.1.5; SAS Institute 1989). All factors were tested against the residual error, and an experiment-wise threshold value of P ≤ 0.05 was used to declare significant interactions between QTLs (Sokal & Rohlf 1995). The percentage of phenotypic variance explained (PVE) was estimated by comparing the total R 2 of models with and without the factor (or interaction) of interest.
Global analysis of digenic interactions. All possible digenic combinations were evaluated using the two-way marker interaction analysis of qgene (Nelson 1997 ) . The interaction tests employed were 'of simple contrasts between means of genotype class means' (Nelson 1997 ) . This analysis required 8778 comparisons for each trait. With so many comparisons, some interactions are expected to appear significant by chance alone. Thus, we explored two different methods for testing for significant interactions. In the first method, we assumed that all 8778 comparisons represented independent tests. We then compared the number of significant interactions based on an arbitrary threshold value of P ≤ 0.005 with the expected number of spurious interactions (44) given this many comparisons. Significant results in excess of 44 indicate that real interactions exist in the genome of this population.
In the second method, we assumed that all 8778 comparisons are unlikely to be independent because of linkage between the markers used in these tests. To take into account the correlations caused by linkage, we estimated the 'effective number of independent comparisons' following the methods of Cheverud (2000) . This was accomplished by first calculating the effective number of independent markers per chromosome (M eff ) using equation 22 in Cheverud (2000) . M eff is estimated using the variance of the observed eigenvalues of an intermarker correlation matrix relative to the maximum variance of the eigenvalues. We then obtained the effective number of independent comparisons for the genomewide scan by summing the products of M eff across all chromosomes ( Kim & Rieseberg 1999; Cheverud 2000) . Using this calculation, there are 1384 independent comparisons in a genome-wide scan of digenic interactions. The Bonferronicorrected threshold for this experiment is P ≤ 3.6 × 10 -5 given an experiment-wise error rate of α = 0.05. The PVE by main and interaction effects of QTLs detected in this analysis was estimated as described in the previous section. Of course, nonindependent interactions (i.e. interactions involving pairs of closely linked loci) were excluded from all calculations when the Cheverud method was employed.
Results
Interactions among previously identified QTLs
Significant epistatic interactions were observed among previously identified QTLs (Kim & Rieseberg 1999 ) for six of the 15 morphological traits ( Table 1) . Of these, epistasis is an important contributor to stem pigmentation only (i.e. speckled internodes), with highly significant interactions detected for three QTL pairs (Table 1 ). In contrast, interaction effects are small (<4.0% PVE) for the five other traits with significant epistasis. In all instances, the main effects of both interacting QTLs were greater than the magnitude of the interaction term (Table 1) .
Significant epistasis between the pair of pollen viability QTLs was also detected (Table 1) . Kim & Rieseberg (1999) suggested that these QTLs correspond to chromosomal translocations. Under this chromosomal model, the lack of additivity could be explained if the QTLs represent the two breakpoints required for a single reciprocal translocation and thus are not independent.
Global analysis of digenic interactions
Results from the global analysis of digenic interactions were similar to those reported above for previously detected QTLs. Only for stem pigmentation and pollen viability did the number of significant interactions ( P ≤ 0.005) exceed the 44 expected by chance ( Table 2 ). Most of these interactions have very small effects (<4% PVE) and many involve pairs of closely linked loci and, thus, are nonindependent. If we use a threshold value of P ≤ 3.6 × 10 -5 , as calculated by the Cheverud method, there are only six significant interactions for stem pigmentation, two for pollen viability, and one for phyllary pubescence (Table 2) . Of the nine detected interactions, three are between pairs of QTLs with significant main effects (Table 3) . These interactions were also found in the previous analysis (Table 1) . It is important to note that the markers with the strongest interaction effects may not always coincide exactly with the markers closest to the QTLs as estimated by composite interval mapping (Kim & Rieseberg 1999 ). An additional four significant interactions are between QTLs with significant main effects and previously unidentified QTLs (Table 3 ). The two remaining interactions involve pairs of previously undetected QTLs (Table 3) . In all, five additional QTLs were detected for the three traits on the basis of their interaction effects.
The magnitude of interaction effects range from 5.9% to 20.4% (Table 3) . However, in only a single instance, involving stem pubescence QTLs, did the interaction effect exceed the main effects of both interacting loci. In addition, an interaction was detected among speckled internode QTLs that exceeded the main effects of one of the two interacting loci (Table 3) . 
Discussion
Epistasis and adaptive evolution
The primary goal of this paper was to determine whether epistasis is a major contributor to the genetic architecture of the morphological traits that differentiate Helianthus annuus from H. debilis . The answer is that for most traits, epistasis appears to be fairly unimportant, with detected interactions explaining less than 5% of phenotypic variance. However, for stem pigmentation and phyllary pubescence, epistasis represents a more substantial component of phenotypic variation. This is particularly true for stem pigmentation, where epistatic effects approach main effects in magnitude (Kim & Rieseberg 1999) . Of course, we have tested for epistasis in only one backcross direction. Possibly, additional epistasis might be detected if we searched in the other direction as well.
We also asked whether the epistasis detected was of the sort required for Sewall Wright's shifting balance theory. That is, do interaction effects ever exceed the main effects of the interacting QTLs? Only three interactions (one each for stem pigmentation, phyllary pubescence, and pollen viability) have magnitudes that exceed main effects for the interacting loci, suggesting that multiple fitness optima due to epistasis may be infrequent in annual sunflower populations. However, comparisons of effect magnitudes should be viewed with caution because it is difficult to calculate confidence limits for them, and estimates from small mapping populations may not be accurate (Beavis 1994; Bradshaw et al . 1998) . Also, we recognize that the analysis of digenic interactions alone may be inadequate for testing for the possibility of multiple adaptive peaks, as the cumulative effect of many pairwise interactions could be large, and higher-order interactions could contribute.
Several other issues may cloud the interpretation of these data with respect to the process of adaptive evolution. First, we are studying epistasis in an interspecific cross, yet adaptation typically takes place within species. However, the use of interspecific crosses for studying adaptive evolution is well-justified (e.g. Bradshaw et al . 1998) , because it provides a means for testing ancestral gene combinations. Only if species divergence is great, does an interspecific crossing design become problematic. Isozyme and chloroplast DNA surveys indicate that H. annuu s and H. debilis are considerably less divergent genetically than the average congeneric plant species pair (Rieseberg et al . 1991) , suggesting that the use of an interspecific crossing design is unlikely to be of concern in this instance. A second potential concern is whether the morphological differences assessed in this study result from selection or drift. However, studies of experimental hybrid populations in other plant taxa suggest that most morphological trait differences are maintained by selection ( Jordan 1991; Nagy 1997) . For example, Nagy (1997) showed that the native character states were adaptive for all but one of 13 diagnostic morphological differences between two subspecies of Gilia . Thus, it does seem likely that most of the morphological trait differences measured in this study have a significant effect on fitness, particularly those associated with reproductive Table 3 Significant digenic interactions (as estimated with the Cheverud method) and their magnitudes. Locus nomenclature is the same as in Table 1 . Locus combinations in bold correspond to interactions that were also detected in the analysis of QTLs with significant main effects ( ‡Marker tightly linked to QTL with significant main effects. *Interaction effects smaller than main effects of either interacting locus. **Interaction effects larger than main effects of one of the interacting loci. ***Interaction effects larger than main effects of both interacting loci.
structures (e.g. head number, disk diameter, achene shape and size). A final potential limitation involves the use of a cultivated form of H. annuus in the backcross mating design, which exaggerates some of the morphological differences between H. annuus and H. debilis (Kim & Rieseberg 1999 ). However, this should not detract from our conclusions about the strength of epistasis.
So what can these data actually tell us about the role of epistasis in adaptive evolution? The kind of epistasis required for shifting balance appears to be rare in sunflower, but it does exist for some traits. This would suggest that most adaptive differences in natural sunflower populations are probably best explained by Fisherian mass selection, but that for a small number of traits, a more complex process involving epistasis is feasible.
The contribution of epistasis to complex traits in sunflower is similar to that reported from QTL studies in other plant and animal groups (reviewed in Tanksley 1993; Falconer & Mackay 1996; Lynch & Walsh 1998) . In general, the number of significant epistatic interactions detected for most traits in most studies has been close to that expected by chance. Of course, there are instances where epistasis makes a significant contribution (e.g. Doebley et al. 1995; Routman & Cheverud 1997; Yu et al. 1997; Cheverud 2000) , but these appear to be infrequent. However, as pointed out by Wade (1992) , the analysis of variance methods typically employed to detect epistasis may consistently fail to reveal large interactions under certain parameter combinations. Thus, more general conclusions about the contribution of epistasis to quantitative traits may require the accumulation of data from studies that assess the behaviour of QTLs isolated in near isogenic lines (Tanksley 1993) . Results from the few studies that have introgressed individual QTLs into near isogenic lines are mixed. In some instances, effects do not change significantly, suggesting that epistatic effects must be small (e.g. Paterson et al. 1990; Graham et al. 1997 ) , whereas in other cases, significant epistasis is detected (e.g. Lukens & Doebley 1999; Yamamoto et al. 2000) .
Another interesting result from the present study concerns the number of QTLs contributing to the morphological differences observed. Our initial investigation counted QTLs with significant main effects only, with the number of significant QTLs ranging from two to six for individual traits (Kim & Rieseberg 1999) . However, if QTLs with significant interaction effects are included in these counts, a somewhat different picture emerges for highly epistatic traits such as stem pigmentation and pollen viability. For example, the number of QTLs detected for stem pigmentation increases from three to six and the distribution of QTL magnitudes more closely approximates the exponential distribution predicted by Orr (1998) .
For pollen viability, the number of detected QTLs increases from two to three. The nature of this additional pollen sterility QTL is not clear. Both chromosomal (Quillet et al. 1995; Rieseberg et al. 1999) and genic sterility factors have been reported in sunflower, and nonadditive interactions are common for both forms of sterility (Gardner et al. 2000) . Regardless of the mechanism for pollen sterility, the somewhat more complex genetic architecture revealed by the current study does have significant implications for the evolutionary dynamics of the hybrid zone between H. annuus and H. debilis and for adaptive trait introgression ( below).
Epistasis and introgressive hybridization
Population genetic theory describing the movement of genes across hybrid zones was developed in the 1980s by Barton (1979 Barton ( , 1986 and Barton & Hewitt (1985 . They showed that the successful introgression of alleles depended on both the selective value of individual alleles in a heterospecific genetic background, and on the number and genomic distribution of loci contributing to reproductive isolation. That is, in the centre of a hybrid zone, alleles tend to be associated with other alleles from their ancestral population (i.e. linkage disequilibrium) and selection acts on correlated sets of loci. However, as alleles move toward the edges of a hybrid zone, they recombine into a new genetic background and are subject to selection on their individual effects. In general, alleles that are negatively selected in hybrids (i.e. those contributing to reproductive isolation) will fail to move beyond the centre of the hybrid zone. Hybrid zones are also likely to pose a substantial barrier to the introgression of neutral alleles because of linkage disequilibrium. However, advantageous alleles are unlikely to be significantly impeded by most hybrid zones because once a few alleles successfully transgress the barrier, they will rapidly increase in frequency. Only when many loci contribute to reproductive isolation will the movement of advantageous alleles be halted. This theoretical framework was employed by Kim & Rieseberg (1999) to predict that morphological QTLs should move fairly easily across the natural hybrid zone between H. annuus and H. debilis ssp. cucumerifolius except when linked to the two sterility factors QTLs detected in the original study.
The analysis of epistatic interactions described here allows us to refine these predictions. First, the detection of an additional pollen sterility QTL due to its interaction effects expands the area of the genome that is likely to be resistant to introgression. In fact, an additional six morphological QTLs from linkage group 8 are less likely to introgress due to tight linkage (within 10 cm) to the newly detected sterility QTL (Fig. 1) . Second, the movement of several blocks, particularly those related to stem pigmentation and phyllary pubescence, may be influenced more by epistatic than main effects. In general, the movement of blocks with epistatic effects will be inefficient because recombination will break-up favourable gene combinations.
Third, we are currently estimating the frequency and fitness consequences of H. debilis blocks in natural hybrid zones in east Texas. Consideration of epistasis will aid these studies by enhancing prediction of phenotypic values for wild individuals based on their marker genotype.
Conclusions
Overall, epistasis is a significant contributor to two of the 15 morphological traits assayed and to hybrid pollen sterility. This result is consistent with other QTL literature, which suggests that significant epistatic contributions to quantitative traits are uncommon. Thus, most adaptive divergence between H. annuus and H. debilis ssp. cucumerifolius is probably best explained by Fisherian mass selection. Nonetheless, the epistatic analyses did reveal additional QTLs for several traits. With respect to pollen sterility, detection of an additional QTL has expanded the area of genome predicted to resist introgression in natural hybrid zones. We are in the process of backcrossing QTLs into an H. annuus genetic background, which will allow us to more precisely test for epistatic responses among QTLs and to assess the fitness consequences of individual QTLs in the wild. 
